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Abstract 
In the present study, scatter behavior of fatigue limit for the die-cast magnesium alloy AM60B was investigated. Twelve fatigue 
limits were determined based on S-N curves obtained according to the standard fatigue test methods. The scatter of fatigue limit 
for the die-cast AM60B was large compared to the extruded AZ61: the values of Weibull modulus and COV were 16 and 6.8, 
respectively, for the die-cast material, whereas those for the extruded one were 159 and 0.7. The COV value of 0.7 for the 
extruded AZ61 meant that only 0.7% of scatter from the mean value was included in the fatigue limit determined based on the S-
N curve.  This COV value was comparable to that of 0.6 for the tensile strength of the same material. Therefore, the fatigue limit 
for the extruded material has small enough scatter to be considered as the material property similar to the tensile strength that can 
be determined from the average value of 2-3 samples. 
© 2013 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Normally fatigue strength tests have been carried out according to the standard test methods, such as the ASTM 
Standard E 468-90 [1] and JIS Standard Z 2273 [2]. The S-N curve obtained based on the standard test method can 
give fatigue characteristics of the materials, such as fatigue life and fatigue limit, which are widely used for fatigue 
design of structures. The fatigue limit, Sf is defined by using either the 0-2 or 0-1-2 failure combinations in the 
ASTM E 468-90 and JIS Z 2273, as shown in Fig. 1. Since scatter is the nature of material properties, the definition 
of fatigue limit in the standard would be based on the assumption that the scatter of fatigue limit is small enough like 
tensile strength. The tensile strength can be obtained by the tensile test with 2-3 specimens without consideration of 
scatter of tensile strength in the standard test methods, ASTM E 8/E 8M-08 [3] and JIS Z 2241 [4].  
On the other hand, the statistical determination of the fatigue limit has been proposed by Dixon and Mood [5] as 
the staircase method. After their work, more efforts have been devoted to establish the staircase method. For 
example, Pollak et al. [6] in a computer simulation of the staircase method determined the effect of varying the 
stress amplitude and the sample size on the value of the standard deviation. They found that Dixon and Mood 
equations generally under-estimated the standard deviation when traditional step sizes on the order of 2/3–3/2 of the 
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true standard deviation are used. Slightly larger step sizes i.e. 1.6-1.75 of the true standard deviation resulted in less 
bias and less scatter, but led to staircase tests with fewer resulting stress levels. Another computer-based simulation 
was carried out by Lin et al. [7] who examined the staircase and other accelerated test methods for estimating fatigue 
limit, and found that for fatigue limit distributions with either a small or large coefficient of variation, COV(Sf), the 
Dixon and Mood was recommended. It is also noted that Zhao and Yang [8] used a small-sample staircase method 
to determine the fatigue limit of a railway steel. 
 
 
 
 
     
 
 
 
 
Fig. 1. Definition of fatigue limit, Sf; (a) 0-2 failure combination (b) 0-1-2 failure combination, (symbols without arrow: failed, symbols with 
arrow: survived). 
Svensson and Maré [9] proposed the use of a Gumbel distribution in evaluating the fatigue limit of high strength 
steels by the staircase method since for the fatigue limit of such steels is controlled by the maximum inclusion size. 
Zhu et al. [10] and Su [11] applied the staircase method to the case of a 319-cast aluminum alloy which contained 
the pores which had developed during the casting process to determine the influence of porosity on the degree of 
scatter found in the fatigue limit. 
In the previous paper [12], the scatter behavior of fatigue life for the die-cast magnesium alloy AM60B with 
pores has been investigated. It has been found that: (1) The scatter behavior of fatigue life can be described by the 
three parameter Weibull plot, (2) The Weibull parameter, m is small and around 1.3, which is almost equal to that 
for the scatter of pore size. However, to date there have been almost no reports on the scatter behavior of fatigue 
limit determined according to the fatigue limit definition of the 0-2 or 0-1-2 combination given in the ASTM 
Standard Method E 468-90 [1] and JIS Z 2273 [2]. In addition, there have been only few reports on scatter behavior 
of fatigue limit for magnesium alloy, while that evaluated by the staircase method has been widely reported for 
steels and aluminum alloys. 
In the present study, the scatter behavior of fatigue limit determined based on the 0-2 or 0-1-2 combinations 
according to the standard fatigue test methods [1, 2] has been investigated to discuss the reliability of fatigue limit 
obtained for the die-cast magnesium alloy. The scatter behavior of fatigue limit for a die-cast magnesium alloy has 
been also compared with that of extruded AZ61 magnesium alloy which has been reported in the previous paper 
[13].  
                                              Table 1. Chemical composition of a die-cast AM60B and extruded AZ61 magnesium alloys, (in mass %). 
AM60B magnesium alloy 
Al Mn Zn Si Fe Cu Mg 
6.1 0.38 0.03 0.02 0.003 0.001 Bal. 
AZ61 magnesium alloy 
Al Zn Mn Si Fe Cu Mg 
6.53 0.96 0.164 0.024 0.002 0.001 Bal. 
 
a) b) 
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                                              Table 2. Mechanical properties of a die-cast AM60B and extruded AZ61 magnesium alloys. 
Material 0.2% Proof strength, MPa 
Tensile strength, 
MPa 
Elongation, 
% 
Die-cast AM60B 122 221 7 
Extruded AZ61 234 325 23 
 
2. Experimental Procedure 
The material used in this investigation was a 2 mm thick plate of a die-cast magnesium alloy, AM60B. The 
composition and mechanical properties of the alloy are given in Tables 1 and 2, respectively. The microstructure of 
the alloy is shown in Fig. 2. 
The die-cast plate was machined into 35 x 10 x 2 mm plate specimens. Prior to testing the specimens were 
polished longitudinally with emery grit papers, starting with 600 grit and finishing with 1500 grit.  
Twenty specimens were tested in a servo-hydraulic fatigue test machine at room temperature in air of 55% 
relative humidity under four-point cyclic bending loading at R = 0.1. A sinusoidal wave form with a frequency of 20 
Hz was used.  
 
 
  Fig. 2. Microstructures of the materials. 
 
 
 
 
 
 
 
 
Fig. 3. Relationship between stress amplitude and number of cycles to failure for the die-cast AM60B alloy (number 1 to 20 indicate the sequence 
of the tested specimens and arrows indicate survived). 
casting pores 
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 The stress amplitudes used in the determination of the extent of scatter of the fatigue limit ranged between 60 
and 82.5 MPa. The fatigue test procedures were as follows: 
• Three stress amplitudes were selected i.e. 60 MPa, 70 MPa, and 80 MPa with the stress step size, ǻSa was 10 
MPa. The stress amplitudes were selected based on the stress range where the fatigue limit of the die-cast 
material was identified from S-N curve. Two specimens were tested at each stress amplitude. The cyclic loading 
was continued until the specimen failed or until a fatigue lifetime of 106 cycles was reached, at which point the 
test was stopped. 
• In the next phase of the procedure the stress step size was reduced by half from 10 MPa to 5 MPa, and two 
specimens were tested at a stress amplitude of 65 MPa, and two more at a stress amplitude of 75 MPa. The 5 
MPa reduction in stress step size relates to the 60 MPa previously tested and the 65 MPa in the current tests, etc. 
• In the next stage of the procedure, the stress step size was reduced to 2.5 MPa, and eight additional specimens 
were tested.  
• Finally two specimens were tested at stress amplitude of 82.5 MPa to confirm that both specimens would fail at 
this stress amplitude as well as to obtain a balanced plot (2 stress amplitudes with 100% failure and 2 stress 
amplitudes with 0% failure at the top and bottom of the plot, respectively). 
• In this procedure, the 0-2 and 0-1-2 failure combinations are illustrated in the schematic sample diagram, Fig. 1. 
The fatigue limit scatter plot shown in Fig. 3 was used to obtain the data actually used in the determination of the 
fatigue limit. 
 
The fatigue limit, Sf, was defined by using either the 0-2 or 0-1-2 failure combinations according to ASTM E 
468-90 [1] and JIS Z 2273 [2]. 
 
 
 
                                                     (a) Weibull distribution                                                                  (b) Normal distribution  
Fig. 4. Cumulative probability plot for fatigue limit data of the die-cast AM60B alloy described by (a) Weibull distribution (stress amplitudes in 
the brackets indicate the stress amplitude combinations to obtain each fatigue limit data) and (b) Normal distribution. 
 Table 3. Statistical parameters of fatigue limit data for the die-cast AM60B and the extruded AZ61 magnesium alloys. 
Weibull 
distribution R
2 Weibull modulus, m Scale parameter, Xa 
Die-cast AM60B 0.98 16 71.7MPa 
Extruded AZ61 0.98 159 144.0MPa 
Normal 
distribution R
2 Mean, μ Std. deviation, 
σ
Coeff. of  variation, 
β
Die-cast AM60B 0.94 69.5MPa 4.7MPa 6.8 
Extruded AZ61 0.95 143.6MPa 1.0MPa 0.7 
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3. Results and Discussion 
3.1. Fatigue limit probability distribution of the die-cast AM60B magnesium alloy 
The relationship between the stress amplitude and the number of cycles to failure near the fatigue limit region is 
shown in Fig. 3. Fatigue limits were evaluated by using selected 0-2 or 0-1-2 combinations according to the 
definition mentioned in the previous section. The fatigue limits obtained in this manner were statistically analyzed 
assuming either a Weibull distribution or a Normal distribution. The cumulative distribution functions (CDF) for the 
Weibull distribution and Normal distribution are defined by the following Eq. (1) and (2), respectively: 
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where ܨሺ ௙ܵሻ is the cumulative failure probability at fatigue limit, ௙ܵ, ௙ܵ௔is the characteristic fatigue limit, m is the 
Weibull modulus, μ is the mean value of fatigue limit and σ is the standard deviation. The parameters associated 
with each distribution were evaluated by means of the least square method. 
The best-fit Weibull distribution and Normal distribution diagrams are shown in Fig. 4. The degree of fit of the 
data to the assumed distribution function is expressed by the coefficient of determination, R2. Doremus [14] has 
defined R2 as: 
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where n is the total number of fatigue limit data points, μ is the mean value of the fatigue limit, ௙ܵ௜ is the ith datum 
point for the fatigue limit as ranked from the smallest to the largest, and መܵ௙௜is the calculated fatigue limit as 
determined from the fitted distribution function at the rank ܨሺ ௙ܵ௜), see Eq. 1 and 2. Also shown in Fig. 4(a) are the 
0-2 and 0-1-2 stress amplitudes combinations used in determining the data points.  
The R2–values obtained are given in Table 3. As seen from the table, the R2–values were greater than 0.90 for the 
both functions. It can be concluded that the scatter data can be reasonably well described by either the 2-parameter 
Weibull distribution or the Normal distribution, with the Weibull distribution providing a slightly better fit. It is 
noted that Dixon and Mood [5] assumed that the scatter in fatigue limit would follow Normal distribution.   
The probability distribution parameters obtained from the statistical analysis are also summarized in Table 3. The 
Weibull modulus, m and the coefficient of variation, COV (ratio of standard deviation to mean value in percentage), 
are the indicators of data scatter. A larger Weibull modulus implies a smaller degree of scatter, whereas a larger 
COV implies larger scatter. As seen from Table 3, the value of Weibull modulus, m of the die-cast AM60B is 16, 
which is significantly large compared to that for the scatter of fatigue life, m=1.8 [12]. However, as the scatter of 
material properties, the m-value of 16 should be considered to be rather large scatter like the scatter of bending 
strength for ceramic materials [15, 16], where the range of m-values were 6-20. It is also found from the table that 
the value of COV for the die-cast AM60B is 6.8, a value comparable to the values of 10 and 8, respectively which 
were reported by Zhu et al. [10] and Su [11] for the cast E319 aluminum alloy as determined by the staircase 
method. This suggests that die-cast magnesium alloy and die-cast aluminum alloy would show similar fatigue limit 
scatter behavior. 
3.2. Comparison of fatigue limit scatter behavior between the die-cast AM60B and extruded AZ61 magnesium alloys  
As discussed in the previous section, the scatter of fatigue limit for the die-cast magnesium alloy was rather large 
and the Weibull modulus in two parameter Weibull distribution was 16. It may be useful to understand the 
difference in scatter behavior of fatigue limit between the die-cast material with pores and the extruded one without 
pore. Since the same AM60B alloy in the extruded condition could not be received, the extruded AZ61 alloy was 
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adopted as an example of the extruded magnesium alloy. The details of experimental procedure and results for the 
extruded AZ61 were described in the previous paper [13]. The chemical composition and mechanical properties of 
the extruded AZ61 are also listed in Tables 1 and 2, respectively. From the results, the statistical parameters for the 
extruded AZ61 are added in Table 3. As seen from the table, the value of Weibull modulus for the extruded AZ61 
was 159, which was significantly large, and that of COV was 0.7 and significantly small compared to the value of 
6.8 for the die-cast AM60B. These results indicated that the scatter of fatigue limit in the die-cast material was 
extremely large compared to that in the extruded one.  
One reason for larger scatter of fatigue limit in the die-cast AM60B is associated with its inhomogeneous 
microstructure, as shown in Fig. 2(a). However, a more important factor would be the variability in pore size 
presented in the die-cast material. Fatigue cracks nucleated at these casting pores, as shown in Fig. 5, whereas all of 
the extruded AZ61 specimens failed at the specimen surface without evidence of any defects, as shown in Fig. 6. 
As found from Table 3, the value of COV for the extruded AZ61 was 0.7, which was significantly small 
compared to the die-cast materials and meant that only 0.7% of scatter from the mean value was included in the 
fatigue limit determined based on the S-N curve (that is based on the 0-2 or 0-1-2 combinations).  This COV value 
of 0.7 for the fatigue limit of extruded material was comparable to that of 0.6 for the tensile strength of the same 
material [13]. Therefore, the fatigue limit determined based on the 0-2 or 0-1-2 combinations from an S-N curve 
would be included small enough scatter to consider it as the material property like the tensile strength determined 
from the average value of 2-3 samples. 
 
 
Fig. 5. Observations of crack nucleation region for the die-cast AM60B (Sa=77.5MPa, Nf=104655 cycles). 
 
Fig. 6. Observations of crack nucleation region for the extruded AZ61 (Sa=145MPa, Nf =68417 cycles). 
4. Conclusion 
In the present study, the scatter behavior of fatigue limit for the die-cast AM60B magnesium alloy was 
investigated. The main conclusions that were obtained are summarized as follows. 
• The scatter data of fatigue limit obtained could be satisfactorily described by using either the Normal distribution 
or the Weibull distribution. 
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• The statistical parameters, Weibull modulus and COV, which were evaluated based on the fatigue limit data in 
the present study, were 16 and 6.8 for the die-cast AM60B. These values of Weibull modulus and COV were 
comparable to those for the die-cast aluminum alloys. 
• The scatter of fatigue limit for the die-cast materials were significantly large  compared to that for the extruded 
materials, where the values of Weibull modulus and COV were 159 and 0.7, respectively. An inhomogeneous 
microstructure, and a large variation in pore size would contribute to the large scatter in the fatigue limit for die-
cast AM60B.                  
• Only 0.7% of scatter from the mean value was included in the fatigue limit determined based on the S-N curve. 
Therefore, the fatigue limit determined based on the 0-2 or 0-1-2 combinations from an S-N curve would be 
small enough scatter to consider it as the material property which can be determined from the average value of 2-
3 samples. 
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